Abstract-This paper evaluates the performance of modular multilevel converters with integrated battery cells when used as traction drives for battery electric vehicles. In this topology, individual battery cells are connected to the dc link of the converter submodules, allowing the highest flexibility for the discharge and recharge. The traditional battery management system of battery electric vehicles is replaced by the control of the converter, which individually balances all the cells. The performance of the converter as a traction drive is assessed in terms of torque-speed characteristic and power loss for the full frequency range, including field weakening. Conduction and switching losses for the modular multilevel converter are calculated using a simplified model, based on the datasheet of power devices. The performance of the modular multilevel converter is then compared with a traditional two-level converter. The loss model of the modular multilevel converter is finally validated by experimental tests on a small-scale prototype of traction drive.
I. INTRODUCTION

I
N recent years, a wide diffusion of battery electrical vehicles (BEVs) is taking place, although customers have still significant concerns regarding limited battery life, reduced vehicle range, and long recharge time. For this reason, novel types of batteries have been designed over the last years to improve their performance. The battery cells for BEVs are normally series connected to meet the voltage requirements of the traction converter [1] . However, voltage imbalance between the cells appears when the battery is charged or discharged several times, because of the differences in leakage currents and chemical characteristics of battery cells; this causes progressive damage of battery cells and reduction of their service life time [2] . In order to minimize this effect, a second dc-dc converter is used for cell balancing and controlled by the battery management system (BMS). For some BEVs, a third converter is used on board for cell recharging from the ac utility grid. The functions of these three converters could be brought together in one converter only, as shown in [3] - [5] . This converter is a special type of modular multilevel converter (MMC) without voltage supply on the dc busbars, in which each submodule (SM) is constituted by an H-bridge converter connected to one battery cell. This converter includes a BMS [4] and can be successfully used to drive a traction motor [3] and to recharge the battery cells both from single-phase and three-phase grids [5] . Since the THD of the output voltage is very low, torque ripple is negligible and motor efficiency is higher than that under two-level inverter-fed operations [6] , [7] . Additionally, the reliability of MMC is very high if compared with two-level inverters [8] .
One of the main drawbacks of MMCs for low-voltage applications is the increased conduction losses, if compared with traditional inverters due to the high number of devices conducting in series. This is mitigated by the lower switching losses and by an appropriate choice of the devices. In order to assess the suitability of MMCs for traction drives, this paper undertakes a thorough analysis of the power losses in the different operating regions of the BEV. This analysis shows that, using a proper modulation strategy, the switching losses of the MMC are much lower than those of traditional inverters and the global efficiency is comparable and even higher in some cases. The comparison does not consider the power losses in the cell balancing converter used for the traditional inverter, so the MMC is penalized. Moreover, the global efficiency remains almost constant also at low speed/voltage and light loads, whereas the efficiency of traditional inverters drastically decreases. When the speed and the load of the traction drive is reduced for most of the time, like the case of urban cycles, MMC traction drives operate with higher efficiency, and, consequently, the vehicle range increases.
The paper is organized as follows. Section II reviews the MMC structure and its principle of operations; Section III describes the proposed control strategy that includes the cell balancing function; Section IV describes the proposed method for the calculation of power losses for the MMC; Section V presents the simulation results for the sample case of the new European driving cycle (NEDC) and the comparison between the MMC and the two-level inverter; Section VI validates with experimental results the proposed method for the calculation of power losses and the motor drive performance over the NEDC.
II. CONVERTER TOPOLOGY AND OPERATING PRINCIPLE
A schematic diagram of the proposed MMC is shown in Fig. 1 . The power converter drives a traction motor, which is assumed to be a three-phase induction machine. Each phase leg of the power converter is composed by two arms consisting of n cascaded SMs. The converter arms are connected by means of two uncoupled buffer inductors to limit the circulating currents due to voltage mismatch between the phase legs [9] , [10] . Each SM contains a bidirectional half-bridge converter and a battery cell. The cell voltage v cell depends on its state of charge (SOC) and varies between 3.2 and 4.2 V. Since the maximum operating voltage of each SM is the cell voltage, low-voltage MosFETs can be used to reduce conduction and switching losses.
All the quantities referred to a phase are denoted with the subscripts a, b, c or with the subscript k when instead reference is made to a generic phase. Quantities associated to the top and bottom arms are indicated with the subscripts t and b, respectively.
The number n of active SMs for each phase leg is constant, resulting in a nearly constant sum voltage. In order to achieve this, the two arms of the same phase leg are controlled complementarily, i.e., n kt + n kb = n [11] .
The arm currents flow through the battery cells of the active SMs and either charge or discharge the cells depending on their direction. According to [11] , the arm currents are defined as
where i cir,k is circulating current of the kth phase. The arm voltages can be expressed as
where v k is the voltage of the kth phase, L is the buffer inductance, and v L,cir,k is the voltage drop across L due to i cir,k . The modulation technique of the converter is based on the carrier disposition with third-harmonic injection sinusoidal pulse width modulation (THI-SPWM). The third-harmonic injection effectively reduces the number of required SMs by 13.5%, leading to a reduction in converter size, cost, and losses. The modulation index m in the hypothesis of balanced cells is defined as [12] , [13] 
where V m is the amplitude value of phase voltage output of the converter.
The configurations based on two level inverters typically include a BMS to balance the battery cells. The physical implementation of a BMS involves the presence of additional hardware components. However, in the proposed configuration with MMC, this balancing function is embedded in the converter. Thus, a fair comparison between configurations in a cost, volume, or weight perspective should not be limited only to the converters but account also for any added BMS. A component count and a qualitative cost assessment between the proposed MMC configuration and alternative configurations with a two-level inverter and different active BMS topologies are summarized in Table I [8] .
III. CONTROL STRATEGY OF THE CONVERTER
The drive control presents three main functional blocks: the traction drive control, the arm balancing control, and the cell balancing control.
The traction drive control calculates the references for the power converter to enable variable speed operations of the induction motor. This control is based on a standard vector control and no further details will be provided in this paper. The arm balancing control uses the circulating currents to balance the electrochemical energy stored across the phases and, within each phase, across the top and bottom arm. The balance of energy stored across the phases is achieved by balancing the average SOC of all the cells belonging to each phase. The energy balance across the top and bottom arm of a phase is achieved by balancing the average SOC of all the cells belonging to the top arm and all the cells belonging to the bottom arm. The cell balancing control activates the SMs with the logic appropriate to balance the energy stored in each individual cell within an arm. The details of the implementation of these two functional blocks are described in the following sections.
A. Arm Balancing Control
The block diagram of the arm balancing control is shown in Fig. 2 . The circulating currents are controlled to include a dc component i cir,dc,k and a fundamental component i cir,1,k having amplitude i m ,cir,k and phase angle γ k
The balance between the phases is achieved by controlling the total active power generated by the battery cell in each phase p Σ k . The balance between top and bottom arm within a phase is instead achieved by controlling the difference of the active powers generated by the battery cells of the top and bottom arms of that phase p Δ k . Ignoring the device power losses and according to [8] , p Σ k and p Δ k can be calculated as 
where Q is the cell capacity, SOC is the moving average of the SOC, and cos ϕ is the load power factor. The relations in (5) indicate that the energy balance across the phases can be controlled by means of i cir,dc,k , while the balance across top and bottom arms can be controlled by means of i cir,1,k . With this choice of the components of the circulating current, the two controls are decoupled and can be implemented in two separate regulators. The reference for the dc components of the circulated currents can be obtained directly from PI regulators; the reference for the first-harmonic component can be calculated from the formulae given in Appendix A1. The control system is implemented digitally in a fieldprogrammable gate array (FPGA), so the block diagram in Fig. 2 needs to be converted into a discrete-time model as shown in Appendix A2.
B. Cell Balancing Control
The cell balancing algorithm is based on the concept that, when the arm current is positive according to Fig. 1 , the cells of the active SMs are recharged and their SOC increases and vice versa when the arm current is negative. This approach ensures a step-by-step equalization of the SOCs of the cells belonging to the same arm. The algorithm estimates the SOCs and sorts the cells in each arm in descending order on the basis of their SOC. Due to the slow variation of SOC, this control loop can be executed as low priority and has a running time of 1 ms. The SOC of each cell is estimated by the Coulomb counting approach. If the arm current is positive, the cells with the lowest SOCs are activated; if the arm current is negative, the cells with the highest SOCs are activated [14] - [16] .
IV. METHODOLOGY FOR THE CALCULATION OF CONVERTER LOSSES
The power losses of the converter devices can be divided into conduction losses P c and switching losses P sw and separately analyzed in the following sections. For simplicity, other losses like gate drivers, magnetics, and auxiliaries are not considered in this section.
A. Conduction Losses
The instantaneous conduction losses for each power MosFET can be calculated using the equivalent drain-source on-state resistance R ds,on [17] 
where v ds and i d are the drain-source voltage and the drain current of the MosFET, respectively.
Each SM includes two power MosFETs but only one is on at the same time, if dead time is not considered. Thus, the number of MosFETs conducting in each arm is equal to n and the instantaneous conduction losses can be expressed as
Thus, the losses in each phase leg result in
Since the circulating current is normally few percent of the nominal current and is present only during cell balancing, its contribution to the conduction losses is negligible. Therefore, (8) can be approximated by
Assuming that the load current has only the fundamental component and is balanced, the total MMC conduction losses P c can be calculated as
where I m is the amplitude value of phase current output of the converter. Therefore, the total MMC conduction losses are independent from the modulation index and the load power factor.
B. Switching Losses
For this calculation, a linear approximation of the MosFET voltage and current during the switching process has been assumed. Thus, turn-on and turn-off switching energy losses for a single MosFET E sw ,on , E sw ,off , are given by [17] 
where t ri and t fi are the current rise and fall times, t rv and t fv are the voltage rise and fall times. In (11), v cell and i d are considered at the initial instant of switching. Each change of the conduction state of a cell corresponds to the turn-on of one MosFET and the simultaneous turn-off of the other MosFET of the same SM. Thus, at each change of the conduction state of the SM, the energy dissipated is equal to
If for simplicity, the switching events are supposed to be regularly spaced, each arm is switched at T sw , 2T sw , 3T sw , . . . , zT sw , where z is the total number of switching events in a fundamental period T and it is given by
The total number of switching events is split across the SMs of the arm, so that
where z h is the number of PWM pulses of the hth SM. Fig. 3 shows an example of waveforms for the currents flowing into the SMs of a converter arm in the case of 4 SMs/arm.
Suppose that the hth SM is switching at z h1 T sw , z h2 T sw , z h3 T sw , . . . , z hzh T sw , where z h1 , z h2 , z h3 . . . , z hzh are in general unequal integer numbers. As long as THI-SPWM scheme is used, the others n − 1 SMs will remain in a constant switching state. In this case, the hth SM currents at instant of switching are
As a result, the switching energy dissipated in a SM, E sw ,h , during a fundamental period can be expressed as
and the switching energy dissipated in an arm E sw,arm , during a fundamental period can be expressed as
Finally, the power dissipated in the converter due to switching losses can be calculated as The total MMC losses, P l , are the sum of the conduction and switching losses
V. SIMULATION RESULTS
In order to assess the suitability of MMCs as traction converters, the MMC efficiency has been compared with a traditional two-level IGBT inverter. Losses due to cell balancing are not considered for the two-level inverter and are instead included in the MMC, although this leads to a penalization of the MMC in the comparison. Both converters are driven by THI-SPWM strategy and connected to a 220-V 250-A 50-Hz 80-kW machine. Equal semiconductor ratings were applied for both converter types using FZ300R12KE3G IGBT [18] for the two-level inverter and AUIRFS8409-7P power MosFET [19] for the MMC. According to the technical literature, the conduction and switching losses of an IGBT-based two-level inverter are given by [20] 
The definition of the symbols and their corresponding values for the numerical simulations is reported in Table II . E IGBT,on and E IGBT,off are given in the data sheet and can be described as a polynomial function of current i l . Furthermore, Table II summarizes the main data of the two-level inverter and MMC parameters used for simulation. Fig. 4 shows the "gear changing" of the switching frequency, f sw , with the fundamental frequency of the voltage output. At low speeds where the effect of the difference in the number of carrier cycles per each modulation cycle is small, asynchronous operation of the carrier frequency is applied. At moderate and high speeds, the carrier signals and the modulating wave are synchronized and the modulation frequency decreases in steps as the frequency increases to keep their ration as a whole number [21] . Fig. 5 shows the efficiency for both topologies versus frequency when the motor is drawing half of the nominal current. Both converters are operated at a maximum switching frequency of 2 and 20 kHz. It is evident that for the MMC, the efficiency slightly changes with the maximum switching frequency. At maximum switching frequency of 20 kHz, the MMC efficiency is higher than the inverter efficiency by 3%-5% in the constant torque region, and by 0.5%-1% in the constant power region. At maximum switching frequency of 2 kHz, the MMC efficiency is lower than the inverter efficiency by 1%-4% in the constant torque region, and by 1% in the constant power region. Fig. 6 shows the efficiency for both topologies versus frequency when the motor is drawing the nominal current with the same maximum switching frequencies of the previous example. At maximum switching frequency of 20 kHz, the MMC efficiency is lower than the inverter efficiency by 1%-4% in the constant torque region, and by 1%-2% in the constant power region. At maximum switching frequency of 2 kHz, the MMC efficiency is lower than the inverter efficiency by 3%-12% in the constant torque region, and by 3% in the constant power region. It can also be noticed that the efficiency of the MMC increases when the load current decreases; conversely, the efficiency of the two-level inverter increases when the current increases. This reflects the fact that conduction losses changes with the load and are prevalent for the MMC; switching losses do not change substantially with the load and are prevalent for the two-level inverter.
Subsequently, the proposed control scheme for the MMC has been tested in simulation by MATLAB/Simulink and compared with the two-level inverter. The data for the BEV are taken from an existing electric car (Nissan Leaf) [22] . In this simulation, the MMC has 84 Li-ion cells (4.2 V/12.8 Ah) per arm, with a maximum line voltage of 220-V rms. The initial imbalance of the SOC of the cells has been assumed equal to 30%. The battery cells have been modeled by a parameterized dynamic model to take into account the variation of the voltage with the SOC and the current [23] 
where all quantities are defined in Table III . The data of the simulated Li-ion cell is also given in Table III . In this simulation, the load torque of the machine is given by a load-speed curve as shown in eq. (22) [24]
where d 1 , d 2 , d 3 are calculated from the load characteristics and J eq is the equivalent vehicle inertia referred to the machine shaft. The main data of the simulated vehicle and motor are reported in Table IV . The NEDC has been used as the reference speed cycle for the electric vehicle. It combines the urban driving cycle (UDC) repeated four consecutive times and the extra-urban driving cycle (EUDC) with maximum speed of 120 km/h. Fig. 7 shows the motor phase voltages, phase currents, and converter circulating currents during acceleration, cruising, and deceleration of the car. The figure shows that the motor starts up from standstill without producing any overvoltage or overcurrent and the MMC drives the motor at low speed without exceeding the nominal current. The circulating currents are dependent on the energy arm/leg unbalancing of converter. Since the converter legs and arms have different initial energies, the arm balance controller injects the dc and fundamental components to the circulating currents to achieve the balancing within the phases and the arms. At steady state (t = 289.5 s), the battery cells are all balanced, and the injected circulating currents are close to zero. It is worth noting that the load currents are always balanced and almost sinusoidal regardless of the SOC of the cells.
The dynamic of the SOC of all battery cells is reported in Fig. 8 to show the action of the balancing controller. In the first part of the cycle, the cells with higher SOC discharge faster, while the cells with lower SOC are recharged until all the cells have very similar SOC and all the cells are completely balanced after 670 s. Fig. 8 also shows the reference and actual motor speeds, demonstrating the good speed control obtained with the MMC for the whole frequency range.
The results shown in Fig. 9 from top to bottom are the motor electric frequency, active power, the rms value of motor voltage, and current, respectively. The data of Fig. 9 have been used to estimate the converter efficiency for the both topologies, MMC, and the two-level inverter.
Using (18) and the data given in Fig. 9 , the switching and conductions losses are calculated for the UDC and EUDC to obtain the converter efficiencies of both topologies, as shown in Fig. 10 . It is interesting to note that for these cycles, the MMC efficiency is most of the time higher than that of the twolevel inverter. This is because the selected car never absorbs the full load current to follow the cycles, and, according to theory, the MMC is advantaged at light loads. As also expected from theory, the MMC has switching losses lower than those of the two-level inverter. This is because MosFETs have lower rise and fall times than those of IGBTs and the switching losses of the MMC are independent on the number of SMs per arm. In fact, the total number of PWM pulses for all SMs of a MMC arm is equal to the total number of PWM pulses for one device of the two-level inverter. On the other side, the MMC has conduction losses higher than those of the two-level inverter, because they linearly depend on the number of SMs of each arm.
VI. EXPERIMENTAL RESULTS
The capabilities of following the NEDC and the model for the calculation of losses have been experimentally verified with a prototype of MMC with 4 SMs per arm, whose photograph is shown in Fig. 11 . Each SM includes a lithium-ion cell with 3.7-V and 10-Ah capacity. The control system is based on a NI CompactRIO, which combines an embedded real-time processor, a high-performance FPGA, and hot-swappable I/O modules.
The induction motor used for the experiments has the data given in Table V . A 10-/400-V 1.2-kVA three-phase transformer has been used to boost the converter voltage to the level suitable for the motor. Table V also summarizes the circuit and battery parameters used for experiment. The 24 Li-ion cells have been charged to different initial SOC values in order to test the SOC control; the maximum SOC unbalancing between the cells has been set to be around 40%.
The results shown in Fig. 12 from top to bottom are the motor reference speed and the measured motor speed, and the SOCs of all the battery cells. The traction control tracks the reference speed accurately and the SOCs of all the battery cells converge toward the same level in about 2500 s. This is in agreement with the simulation result, since the converter nominal current used for experiment is about five times smaller than that used for the simulations.
To validate the calculation efficiency of the proposed MMC, the switching and conduction losses have been measured for one SM at different motor speeds during the whole NEDC. For this experiment, all the battery cells have been charged to the same initial SOC value. In this case, the estimated efficiency of one SM is approximately equal to the MMC efficiency, since the converter has equal SMs. The drain-source on-state resistance for the power MosFET of the prototype is 1 mΩ. The experimental switching process of one power MosFET is presented in Fig. 13 , where the top figure presents the drain-source voltage and the drain current and the bottom figure shows the power losses, with a qualitative separation into conduction and switching losses. Fig. 14 shows the converter output phase voltage and current, the SM instantaneous input power, and the corresponding instantaneous power losses at different motor speeds. The waveforms of voltage and current shows that the MMC prototype produces phase currents with a very small THD, even with only 4 SMs per arm.
The experimental efficiency of a SM has been also compared with the simulations carried out for the same number of SMs. The result of this comparison is shown in Table VI that includes also the average power of the battery cells and the average power losses. Both simulated and experimental efficiencies at different motor speeds show a close agreement, with a difference of 1%-2%, due to the additional dead time losses of the experimental setup.
VII. CONCLUSION
This paper presents a detailed assessment of the performance of MMC with integrated battery cells for the traction drive of electric vehicles. This topology integrates the BMS in the power converter, without the need of external balancing circuits. The SOC of the battery cells is balanced by the arm and cell balancing controllers that do not affect the waveforms of the motor current. The proposed converter produces an extremely low distortion of the motor current, with direct benefits on the motor efficiency. An analytical method for the calculation of power losses of the proposed MMC has also been presented and has been verified by numerical simulations and experiments. The losses of the proposed converter has been compared with those of traditional two-level converters and have shown that the proposed converter presents better efficiencies at light loads, since losses are predominantly given by conduction losses. This suggests that proposed converter is preferred for urban use of electric car, where the motor is mostly used below its full power. The proposed converter has also been tested with simulations and experiments to balance the battery cells and follow the NEDC, showing a balancing time of 670 s for a 30% imbalance and good capabilities of tracking the reference speed even during cell balancing. 
